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critical consideration. 


Introduction 


4 HIGHWAY traffic signal is a means of 
allocating time and space to the different 
-iovements necessary at intersections and 
ther street and highway locations. Properly 
' seated and operated, traffic signals can 
orve several purposes:? 
e They provide for orderly movement of 
_vaffic. Where proper physical layouts and 
it ontrol measures are used they can increase 
ni ae traffic-handling capacity of the inter- 
iyi) petion. 
-e They reduce the frequency of certain 
;, Ypes of accidents. 
,e Under conditions of favorable spacing, 
hey can be coordinated to provide for 
ontinuous or nearly continuous movement of 
af raffic at a definite speed along a given 
ute. 
-e They can be used to interrupt heavy 
_taffie at intervals to permit other traffic, 
i" \edestrian or vehicular, to cross. 
_e They represent a considerable economy, 
- $ compared to manual control, at inter- 
ections where the need for some definite 
deans of assigning right-of-way first to one 
ovement and then to another is indicated 
tom NY the volumes of vehicular and pedestrian 
traffic or by the occurrence of accidents. 
The necessity for and the usefulness of 
_Taffic signals is unquestionable. However, 
any laymen and some engineers believe 
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ms traffic signals are the answer to all 
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/) Past Presidents Award Paper presented at the 36th 
) nnual meeting of the Institute of Traffic Engineers, Cin- 
-innati, Ohio, Oct. 11, 1966. 

* Manual on Uniform Traffic Control Devices for Streets 
ind Highways, by the National Joint Committee on Uniform 
raffie Control Devices; published by U.S. Department of 
Yommerce, Bureau of Public Roads, Washington, D.C., 
961, p. 155. 
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this article can be applied to any unsignalized intersection. 
odology accurately, however, it is necessary that the traffic engineer obtain data 
on the variations in the distribution of available gaps and characteristics of gap 
acceptance at the individual intersections studied. 


Reported by ' RICHARD D. DESROSIERS, 


ESEARCH AND DEVELOPMENT 


Results of the research reported in this article show that a warrant for traffic 
signal control is feasible based on the relation of the gap availability in the 
traffic on major streets to the lag or gap acceptance characteristics of the driver 
Properly operated traffic signals for allocating time and space 
to the different movements at intersections and other street and highway loca- 
tions are undoubtedly necessary, but traffic signals are not the answer to all 
The volume of traffic in itself does not deter- 
mine the need for signals; distribution and utilization of available gaps in traffic 
flow on main streets by vehicles or pedestrians on minor streets should be of 
The methodology developed in the research reported in 


To use the meth- 


This belief 
pressures 


traffic problems at intersections. 
has caused public and _ private 
on the practicing traffic engineer or agency 
with the responsibility for the traffic engineer- 
ing function. 

The existing warrants for 
control are presented in the 
uniform traffic control devices, 
The manual also includes as desirable in- 
formation the number and distribution of 
gaps in vehicular traffic on the main street 
when traffic from the minor street finds it 
possible to use the intersection safely. 
This point is very important and _ should 
receive additional study. It is reasonable to 
assume that no traffic signal should be in- 
stalled if all traffic on the minor street can 
be accommodated without conflict by existing 
gaps in the traffic on the major street. This 
is the basis for the major premise for the 
study reported here; namely, that the volume 
of traffic in itself may not be critical but the 
distribution and utilization of available gaps 
on the main street by vehicles from the minor 
street may be. 

The purpose of the research was to deter- 
mine whether a warrant for traffic signal 
control could be established by using the 
relation between the availability of gaps in 
the traffic stream on the major street and the 
lag and/or gap acceptance by the driver on 
the minor street. Definition of the following 
terms is necessary for an understanding of 
the procedures and results of the research 


trafic signal 
manual on 
page 185. 


reported in this article. 

Gap.—A gap is the elapsed time between 
arrival of successive vehicles on the main 
street at a specified reference point in the 
intersection area. 

Lag.—A lag is that part of a current gap 
remaining when a vehicle on the minor street 
arrives; in other words, the elapsed time at 


Highway Research Engineer, 
Traffic Systems Division 
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Figure 1.—Test site. 


an intersection between arrival at the inter- 
section of a vehicle on the minor street and 
arrival of the next vehicle on the main street. 

Gap or lag acceptance.—A gap or lag is 
either accepted or not accepted by the driver 
of the vehicle on the minor street. A lag is 
accepted if the vehicle on the minor street 
crosses the intersection or enters the main 
street before arrival of the next vehicle on the 
main street. A gap is accepted if the vehicle 
on the minor street crosses or enters between 
two vehicles on the main street. 

Gap utilization.—Gap utilization refers to 
the probability that the length of an available 
gap in the traffic on the main street is the 
same as the gap length acceptable to the 
driver of the vehicle on the minor street. 
That is, the gap is both available and accept- 
able, and the result is a gap in the traffie on 
the main street being used by a vehicle on the 
minor street. 

To accomplish the objective of the study, 
information had to be obtained on gap dis- 
tribution in a traffic stream and the character- 
istics of the driving population as to gap 
acceptance and to relate this information by 
use of acceptable statistical probability tech- 
niques. The general procedure used is de- 
scribed in the following paragraphs. Gap 
distribution (availability) information was 
obtained by collection of field data on 15th 
Street NW., Washington, D.C. Driver char- 
acteristics on gap acceptance were obtained 
from a survey of the existing literature. 

The probability of the availability or the 
acceptance of a gap of any given size was 
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determined by using the probability distri- 
butions developed for gap availability and 
acceptance. The probability of a gap of a 
given length being both available and accepted 
was computed by taking the product of the 
two individual probabilities. By summing 
the product probabilities for all turning move- 
ments and considering all gap lengths, the 
percentage of total gaps on the main street 
that would be expected to be utilized by 
vehicles from the minor street in 1 hour were 
eStablished. This percentage was converted 
into an expected number of gaps utilized, 
which is the same as the number of vehicles 
that can be accommodated on the minor 
street when the intersection bas no traffic 
signal control. 


Conclusions 


The results of the research reported here 
show that a warrant for traffic signal control 
is feasible based on data on the availability 
of gaps in the traffic stream on the major 
street and the gap acceptance characteristics 
of the drivers on the minor street. The 
methodology developed in the study reported 
here can be applied to any intersection that 
does not have a traffie signal. 

Gap availability and acceptance by the 
driver vary in relation to geometries, sight 
obstructions, type of entering maneuver, 
traffie volume, speed of the vehicles on the 
main street, and sequence of gap formation 
during periods of heavy traffic. The extent 
of importance of this variation on the result- 
ant number of gaps available or accepted is 
unknown. Therefore, the methodology re- 
quires that the user obtain data on the dis- 
tribution of available gaps and the drivers 
characteristics on gap acceptance at each 
intersection studied. Future research should 
include an examination of the extent and 
importance of all parameters on the resultant 
answers; that is, the number of gaps utilized. 
Relations between the variables could be 
presented in a graphic form similar to the 
one used in the Highway Capacity Manual, 
1965, Highway Research Board Special 
Report 87. Presentation in this manner 
would permit the practicing traffic engineer 
to enter inventory data in the manual and 
thus establish the expected number of gaps 
utilized. Such simplicity of application would 
encourage more use of vehicular gap character- 
istics when traffic signal requirements are 
being considered. Hopefully, the installation 
of unneeded traffic signals would thereby be 
reduced. 


Test Site and Equipment 


Thirteenth Street, an arterial street in 
Washington, D.C., with a progressively timed 
signal system was used as the study site, 
which is shown in figure 1, to obtain the gap 
availability information required. This street 
is a 4-lane arterial on which traffic is 1-way 
southbound from 7 to 9:30 a.m.; 1-way 
northbound from 4 to 6:30 p.m. and 2-way 
for the remainder of the day. Data used 
in the study were collected only during the 
morning rush period when all traffic was 
southbound in each of the 4 lanes. Traffie 
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Figure 2.—Layout of speed detection equipment. 


during the study period had essentially the 
same composition at all times data were 
collected: passenger cars, 97 percent; buses, 
1 percent; and trucks, 2 percent. The traffic 
signals were coordinated for a 27 m.p.h. 
speed of progression. An 80-second cycle 
and a through band for traffic of approxi- 
mately 55 seconds were in effect. 

Speed, volume, and headway information 
were obtained with the Bureau of Public 
Roads traffic analyzer. The traffic analyzer is 
a mobile unit containing an assembly of 
equipment that provides traffic information 
by an automatic digital recording of speed, 
time headway, volume, and lateral placement 
data at a single point on a street or highway. 
All capabilities of the analyzer, except for 
recording lateral placement, were used. The 
equipment consists essentially of four adding 
machine recorders that have specially designed 
solenoids mounted over the keys, a digital 
timer to register the time of day for each 
recording, and a speed timing device. Speed 
is detected by use of two pneumatic pressure 
tubes that form a speed trap. The sequence 
of operation is initiated when a vehicle actu- 
ates the first speed detector tube. This 
electrical contact starts the speed timer and 
activates the placement detector for that 
location. When the front wheels of the 
vehicle pass over the second tube of the 
speed detector, the reading in units of one- 
hundredths of a second is recorded, the 
reading of the timer in ten-thousandths of 
an hour is transferred to the recorder, and 
a control signal activates the adding machine, 
which prints these data. 

A typical layout of the speed detectors is 
shown in figure 2. Two pneumatic tubes 
were spaced 15 feet apart. Speed by lane 
was obtained by alternating live and dead 
areas—areas of detection and nondetection, 
respectively—along the pneumatie tubes. <A 
dead area of 5 feet, 24 feet on either side of 
the lane line, was provided between adjacent 
lanes. The live area was extensive enough 
for positive detection of all vehicles in the 
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lane, but small enough to eliminate fa 
actuations by vehicles traveling in adjace 
lanes. Detection was obtained and sign: 
were transmitted to the analyzer by presst 
actuated switches attached to each live ar 

A section of a typical 14-column printi 
tape output is shown in figure 3. Time 
day in ten-thousandths of an hour was ° 
corded in columns 1 through 4. Columns 
through 10, in which lateral placement de 
are recorded, were not used in the study — 
ported here. The time in one-hundredths. 
a second required for the vehicle to trave) 
the trap distance was recorded in columns 
and 12. Column 13 was used to show whetl 
the vehicle originated above Monroe Stre 
off Monroe Street, off Park Road, or 
Lamont Street. The last column was used 


79150000004090 
7925000000431! 
79320000003600 
79380000003700 






TYPE 
VEHIC 


ORIGIN OF VEHIC 


TRAVEL THROUGH TR 
HUNDREDTHS OF A SECO 


LATERAL PLACEMENT (NOT USE 


TIME OF DAY, TEN THOUSANDT 
OF AN HOUR 


Figure 3.—Typical printed output ta 
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xde vehicle type. Coding of vehicle origin 
‘as stationed at each recorder to observe and 
lassify each vehicle and to depress the key 
or the appropriate code light. An explana- 
ion of the coding in columns 13 and 14 is 
iven in table 1. 
lle 
- Analysis 
The analysis of distribution of gaps in a 
raffic stream cannot be separated from 
olume and speed characteristics because dis- 
ance between vehicles decreases with an 
jerease in volume and increases with an 
yerease in speed. This interrelation pre- 
ludes the analysis of any of the three items 
rithout discussing the characteristics of the 
smaining two as a base or background 
ondition. 
yaffic volume 


Traffic volume during the study period is 
sported in figure 4. Volume is shown for 
ach 12-minute period from 7:18 to 9:30 a.m. 
‘he peak 12-minute volume of 710 vehicles 
eeurred during the period from 8:06 to 8:18 
The traffic volume by lane is reported 
a figure 5. Each of the center lanes carried 
onsiderably more vehicles, in all time pe- 
jiods, than the two-curb lanes. Traffie in 
he right-curb lane was especially low for all 
ime periods studied. Even in the peak hour 
his lane carried only about one-half to two- 

_ hirds the traffic volume carried by the center 

nes. 
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Table 1.—Traffic analyzer coding 


COLUMN 13 





Vehicle on 13th St. north of Park Rd. 
First vehicle clearing green period on 13th 


St. 

peice entering 13th St. from Lamont 

iy 

Vehicle entering from Park Rd., eastbound. 

Vehicle entering from Park Rd., west- 
bound (left turn). 

First vehicle clearing green period on 
Park Rd. 


COLUMN 14 





Passenger car. 

Pickup or panel truck, single tires on rear, 

Single-unit truck, dual tires on rear. 

Single-unit truck, tandem axle, dual tires 
on rear. 

3-axle truck tractor semitrailer, dual tires 
on rear. 

4- or 5-axle truck tractor semitrailer, dual 
tires on rear. 

Towing vehicle or passenger car with 
trailer. 

Motorcycle or scooter. 

Bus (commercial). 


Speed 





85th 
percentile 


Standard 


deviation 





Pe 
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Figure 4,.—Average number of vehicles by 


12-minute periods, all 4 lanes. 
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Figure 5.—Average number of vehicles per lane by 12-minute periods, sou thbound. 


Vehicle Speed 


The distribution of spot speeds is shown 
in figure 6. The speeds of all vehicles during 
the period from 7:30 to 9:30 a.m. are included. 
The mean speed was 23.9 m.p.h. and the 
standard deviation was 5 m.p.h.; at this mean 
speed and standard deviation, 67 percent of 
all vehicles can be expected to travel at 
speeds from 18.9 to 29.9 m.p.h. and 95 percent 
can be expected to travel at speeds from 
13.9 to 33.9 m.p.h. The 85th percentile 
speed, a speed often used by traffic engineers 
to establish speed limits, was 28.4 m.p.h. 
Speed characteristics by lane are shown in 
table 2. The speed in lane 1—the far left 
lane when travel is southbound—was signifi- 


cantly slower (5-percent level) than in the 
other 3 lanes, where speeds were nearly 
identical. The differences in mean speed, 
85th percentile speed, and standard deviation 
for the different lanes were small. 


Gap Availability 


The distribution of all gaps 
during the study period is presented in figure 
7. The majority of the gaps (83.5 percent) 
was in the range of 0.5 to 1.5 seconds, 6.5 
percent of the gaps were in the range of 1.5 
to 2.5 seconds, and headway for only 10 per- 
cent of the gaps was more than 2.5 seconds. 
From these figures, it can be concluded, and 
rightfully so, that few acceptable gaps would 
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Figure 6.—Cumutlative distribution of spot 
speeds on 13th Street, midway between 
Park Road and Kenyon Street. 


be available to drivers of vehicles on the 
minor street trying to enter the _ traffic 
stream on the main street. If the distribution 
of gaps is considered at different vehicle flow 
rates, however, a somewhat different opinion 
may be formed. The cumulative gap distri- 
bution for five flow rates is shown in figure 8. 
The shape of the curves and the increased 
steepness as flow rate increased was not 
unexpected. The magnitude of these differ- 
ences, however, is worthy of note. At a flow 
rate of 1,000 to 1,050 vehicles per hour per 
lane, 84 percent of the gaps were 0.5 second 
or less in length, 90 percent 1.0 second or less, 
and 96 percent 2 seconds or less. For a flow 
rate of 300 to 350 vehicles per hour per lane, 
distribution of gap length would be 40 percent, 
6 percent and 80 percent, respectively. 

The platooning effect of vehicles has often 
been mentioned in the literature but few 
data have been presented to determine the 
magnitude of this effect. A comparison of 
the gap distribution for vehicles within and 
between platoons is presented in figure 9 for 
five flow rates. For purposes of the study 
deseribed here, vehicles between platoons are 
defined as those vehicles that entered the 
main street while traffie on the main street 
was stopped at a traffie signal (minor move- 
ment phase) and vehicles that entered the 
main street from uncontrolled minor streets 
between groups of vehicles. For the vehi- 
cles within platoons, a curve was drawn for 
each of the five flow rates. Because of the 
overlap in the data points for certain flow rates, 
only two curves are shown for the vehicles 
between platoons. One curve represents flow 
rates for 300 to 500 vehicles per hour per lane 
and the other represents flow rates for 650 to 
1, 050 vehicles per hour per lane. 

The separation between gap distributions 
for vehicles with and between platoons is a 
measure of platooning effect. Even at the 
largest rate of flow, 45 percent of the gaps 
between platoons would exceed 2 seconds. 
Thus, the presence of a traffic signal would 
cause two distinctly different gap distributions 
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Figure 7.—Percentage of available gaps as a function of gap size. 


to oecur at a downstream uncontrolled inter 
section. The within platoon distribution 
would have a large concentration of very 
short gaps, and the between platoon distri- 
bution would have long gaps. Platooning 
provides more gaps acceptable to drivers from 
the minor street; the absence of platooning 
provides fewer acceptable gaps because vehi- 
cle gaps are more uniformly distributed. The 
development of a gap utilization warrant for 
traffic signal control, which is discussed sub- 
sequently, was based on knowledge of the 
effect of platooning. However, note that the 
distributions referred to will vary in relation 
to cycle length, split, distance to the nearest 
upstream traffic signal, and possibly geometric 
conditions; but, the basic relation should 
remain unchanged. 


Gap Acceptance 


Data on gap acceptance were not collected 
in the research because satisfactory informa- 
tion could be obtained from a composite of the 
findings reported in the available literature. 
The results of five of the more significant 
research projects are shown in figure 10. The 
differences between the reported results are 
not fully understood, but some evidence exists 
that gap and/or lag acceptance distributions 
would vary with geometries, sight obstruc- 
tions, type of entering maneuver, volume, speed 
of the vehicles on the main street, and sequence 
of gap formation during periods of heavy 
traffic. The researchers on the five projects 
studied intersections that differed substantially 
in these characteristics. Despite these dif- 
ferences, the results are reasonably consistent. 

A composite of the results of these five 
projects is shown in figure 11. This composite 
is essentially an approximate average of the 
results reported for the five projects; however, 
no gap of less than 2 seconds long was con- 
sidered acceptable. Raff reported acceptance 
of gaps less than 2 seconds but did not 
report conditions under which these accep- 
tances occurred. This composite curve of 
gap acceptance is used in conjunction with the 
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gap availability distribution curve as i 
example of the application of the methodolo, 
developed in the research for this report. 


Traffic Signal Warrant Methodolo, 


As with conventional traffic signal warran, 
each approach on the minor street must } 
analyzed separately to determine which one} 
critical. Gap utilization logic was develop 

























for both approaches on the minor street f 
the intersection shown in figure 12. T 
intersection is the crossing of a 4-lane, 1-w 
urban arterial and a 2-lane, 2-way stre( 
The equations developed subsequently 2 
restricted to this geometric configuration b, 
the general methodology could be used 
develop equations for any other geometi) 
conditions. 


Gap utilization on east approach : 

For gap utilization by vehicles on the ea 
approach three probabilities were considere. 
(1) The probability of a gap being utiliza) 
by a vehicle crossing the main street, (2) t 
probability of a gap being utilized by a vehic 
turning left, and (3) the probability of | 
vehicle crossing from the west approa 
interfering with a vehicle turning left fro 
the east approach. The latter must be suv 
tracted from the sum of the other two — 
obtain the net percentage of gaps utilize) 
This can be represented algebraically as: 


PUU)=P(En)+P(E)—PW) (| 


Where, 


P(U,y=The probability that a gap : 
size t seconds will be utilized. — 
P(E7)=The probability that a gap : 
size ¢ will be utilized by a vehie 
crossing the main street. : 
P(E,)=The probability that a gap | 
size ¢ will be utilized by a vehie 

turning left. , 
P(W,)=The probability that a vehie 
crossing from the west approac 

will interfere with a vehicle turnin 

left. 

+ 
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e probability of gap utilization by the 
ssing vehicle can be determined by the 
‘uation: 


P(E) =T g[P(a)\[P(y/x)] (2) 
. ‘here, 


_ Ty=The percentage of the vehicles 
from the east approach that are 
through vehicles, expressed as a 
decimal. 

P(x)=The probability of a gap of size 
t being available in the traffic 
stream on the main street. 

P(y/x)=The probability of a gap of size 
t being accepted by the driver of 
a vehicle on the minor street. 






| 
) 
| 


Assuming that turning maneuvers can be 
vformed in 2 lanes and some number of 
ch maneuvers will be executed if gaps are 
vailable in the 2 lanes nearest the turning 





ent in the 2 farthest lanes, the probability 
of a gap being utilized by a vehicle turning 
left can be determined from the equation: 


P(Ez) =Lzg[P(V)|[P(y/v)] (3) 
Where, 


Ly=The percentage of minor street 
traffic turning left, expressed as 
a decimal. 
P(V)=The probability of a gap of size 
¢t being available in lanes 1 and 
2 combined. 

P(y/v)=The probability of a gap of size 
tin lanes 1 and 2 being accepted 
by a vehicle from the minor street 
that is turning left. 


The probability that a crossing vehicle 
from the west approach will interfere with a 
vehicle turning left can be obtained from the 
equation: 
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P(W1) = (TwlP@) MP (y/2))) (LelP(V) Iy/e) 
(4) 
Where, 
Tw=The percentage of through vehicles 


from the west approach of the minor 
street, expressed as a decimal. 


Substitutions in equation (1) yield the 
percentage of gaps of size ¢ that would be 
utilized: 

P(U) = Trl P(2)I[P(y/2)]+ LelPo) [P(y/r)] 

—(Tyr[P(2) IP(y/2))) (LelPo) TP(y/r))) 


or 
=, 


Gap utilization on west approach 


The gap utilization by vehicles from the 
west approach also involves three probabili- 
ties: (1) The probability of a gap being utilized 
by a vehicle crossing the main street, (2) the 
probability of a gap being utilized by a vehicle 
turning right, and (3) the probability of a 
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igure 8.—Cumulative percentage of gaps for within and between 
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igure 9.—Cumulative distribution of gaps for within and be- 
tween platoons as a function of flow rate, all 4 lanes. 
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Figure 10.—Gap acceptance distributions obtained from the 


literature. 
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Figure 11.—Gap acceptance distribution used for the study 
reported in this article. 
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Figure 12.—Intersection 


vehicle turning left from the east approach 
interfering with a vehicle crossing from the 
west approach. By using the same techniques 
as for the east approach the resultant equation 
for the percentage of gap utilized by vehicles 
from the west approach is: 


P(U) = Tr[P@ IP(y/2) 1+ RwlP(W)ILP(y/v)] 
—(Tw[P(@)Py/2))) (LelPO)MIP(y/2))) (6) 


Where, 

Ryw=The percent of traffic that is turn- 
ing right from the minor street 
expressed as a decimal. 

P(W)=The probability of a gap of size t¢ 
being available in lanes 3 and 4 
combined. 

P(y/w)=The probability of a gap of size ¢ 
in lanes 3 and 4 being accepted by a 
vehicle that is turning right from 
the minor street. 


The equations developed for the east and 
west approaches yield the probable percentage 
of gaps of size ¢t that would be utilized. By 
summing all values of ¢t, the probable percent- 
age of all gaps utilized can be obtained. This 
can be converted to an expected number of 
gaps by taking the product of the probable 
percentage utilized and the total number of 
gaps available in the main stream. The latter 
is an estimate of the number of vehicles that 
could be accommodated on the side street 
when the intersection has no traffie signal 
control. 


Sample Calculation 


A clearer understanding of the application 
of the technique may be obtained from a 
sample calculation. The objective of the 
calculation is to determine the number of 
vehicles that can be accommodated in 1 hour 
on the east approach of the intersection shown 
in figure 12 when no traffic signal control is 
present; that is, to determine the number of 
gaps on the main street that would be expected 
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schematic for 
problem calculations. 
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Figure 13.—Cumulative distribution of gaps for within a 


between platoons as a function of flow rate, lanes 1 and } 


to be utilized by vehicles on the east approach. 
Calculations are based on the assumptions 
that 10 percent of the vehicles on each ap- 
proach will turn and that traffic volume on the 
main street is 1,025 vehicles per lane per 
hour. In practice the information in the two 
assumptions can be obtained by field study or 
possibly from existing data on file in the publie 
agency having responsibility for the traffic 
function. The equation for gap utilization by 
vehicles on the east approach is: 


P(U) = Tz[P@)[P(y/2)]+ LelP)IP(y/2)] 


— (Tyr P(x) P(y/2)) LelPo)IP(y/y)) (7) 


For ease of application, format of table 3 has 
been established for calculation of the sum of 
the product terms [P(x)][P(y/x)] and [P(v)] 
[P(y/v)]. The sums of the product terms have 
been calculated separately for the gaps within 
and between platoons. This permits con- 
version from probability of utilization to ex- 
pected number of gaps utilized by vehicles 


Table 3.—Product terms for use in sample problem 





from the minor street, which will becor} 
clearer as the solving of the sample problem} 
continued. The detailed calculations of the: 
terms are included in a subsequent paragrap) 
The probability of utilization of gaps with} 
platoons is determined by: | 
P(U) w= Tel P(O) wllPCul2) + Lat POwIPCl| 

= (TwlP(@) wilP(y/2)\(LelP(v) w] 


[P(y/oy)) | 


solved as: 
P(U) w=0.9(0.002)+0.1(0.019) | 
— (0.9) (0.1) (0.002) (0.01, 


=0.0018+ 0.0019 — (0) 
=0.0037, rounded to 0.004. 


The probability of utilization of gaps 
tween platoons is obtained from the same equ 
tion (8) except that P(X)g and P(V), @ 
substituted for P(X)w and P(V)y, respe| 
tively, so that 
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— (0.9) (0.1) (0.191) (0.348) 
=0.1719+ 0.0348— 0.0126 
=0.2141, rounded to 0.214. 


The probability of utilization of gaps within 
und between platoons determined, the probable 
humber of gaps utilized by vehicles on the 
ninor street can be obtained from the product 
of the appropriate probability and volume. 
for example, the probable number of gaps 
within platoons that would be utilized is the 
roduct of the within platoon probability of 
tilization and the within platoon volume. 
Similarly, the probable number of gaps be- 
ween platoons that would be utilized is the 
-oreduct of the between platoon probability of 
itilization and the platoon volume. The 
otal number of gaps on the main street that 
would be expected to be utilized by vehicles 
ym the east approach is obtained by summing 
she corresponding within and between platoon 





hin 


olatoons utilized by vehicles on the minor 
’ street is: 


Nw=P(U)w(Vy) 
= (0.004) (3,484) =14 (9) 


The probable number of gaps between pla- 
toons utilized by vehicles on the minor street 


" is 
| 
if No=P(U)»(Vs) 
= (0.214) (615) =132 (10) 





Then, the total number of gaps expected to 
(| be utilized by vehicles on the east approach 
would be: 


N=Nywt Ne 


=14+132=146 (11) 
nd ‘Thus 146 is analogous to the number of 
. vehicles that can be accommodated in 1 hour 
on the subject approach when the intersection 
has no traffic signal control. This does not 
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| The 1966 issue of Highway Research and 
t Development Studies, Using Federal-Aid Re- 
" \search and Planning Funds is now for sale 
» by the Superintendent of Documents, U.S. 
+ Government Printing Office, Washington, 
‘a D.C. 20402, for $1. The studies listed are 
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Development, Bureau of Public Roads, for 
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major technical goals of the National Program 
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mean that 146 vehicles from the minor street 
could be accommodated at any intersection 
where traffic volume is 1,025 vehicles per hour 
per lane (4 lanes). The number accommo- 
dated at this intersection is large because of 
the platooning effect caused by an upstream 
traffie signal. In the development of this 
analysis, it has been assumed that (1) vehicles 
are continuously present on the minor street 
and (2) no allowance has been made for multi- 
ple acceptances of a gap. The former is the 
same concept employed in determining the 
capacity of an intersection. The results of 
the latter may be an actual accommodation of 
a slightly larger number of vehicles on the 
minor street than would be expected from the 
methodology developed in the research dis- 
cussed here. 


Determination of Sum of Product 
Terms for Sample Problem 


Table 2 has been structured to simplify 
the calculations for the sample problem. A 
listing of the terms that appear in the table 
and their sources are: P(x), figure 9; P(z) pz, 
figure 9; P(y/x), figure 11; P(v)w, figure 13; 
P(v) xz, figure 13; and P(y/v), figure 11. 
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Figure 1.—Foveal view of visual field. 


Vehicle Speed Estimation 


BY THE OFFICE OF 


RESEARCH AND DEVELOPMENT 


BUREAU OF PUBLIC ROADS 


Introduction 


OR THE STUDY reported in this article 

an apparatus was constructed and experi- 
mental procedure developed to test how the 
vehicle operator obtains speed information 
from the visual field. In the driving task 
the driver must process information for 
directional control or heading, longitudinal 
contro] or distance to significant objects, 
lateral position, and vehicle speed. As driving 
becomes less and less dependent on muscular 
strength and more and more a task of exer- 
cising control in response to a complex and 
continuously changing environment, the im- 
portance of split-second judgment and psy- 
chomotor skillis paramount. The importance 
of accurately estimating vehicle speed cannot 
be underestimated because the amount of 
force exerted by the driver to control the 
vehicle is dependent on his perception of 
speed. But more important is the fact that 
accurate estimation of vehicle speed is required 
for the driver to achieve smoothness of the 
psychomotor response. Anticipation of 
future psychomotor response needs leads to 
precise psychomotor coordination and short 
reaction time, 

The following list contains definitions for 
some terms used in this article: 

Fovea centralis—The fovea centralis is 
a depression at the back of the retina of the 
eye, the point where the vision is most acute, 
corresponding to approximately the central 
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Accurate estimation of vehicle speed is 
necessary for precise psychomotor co- 
ordination and anticipation of future 
response needs. Vehicle control is de- 
pendent on information perceived from 
the complex and changing stimuli of the 
surrounding environment. The test re- 
ported in this article was aimed at 
determining how the vehicle operator 
obtained speed estimates from visual 
stimuli in the field. Response to both 
foveal and peripheral visual stimulation 
was recorded to determine which mode of 
visual stimulation allowed the driver the 
best information for estimating the 
speed of the vehicle. The author re- 
ports that speed was most accurately 
estimated through peripheral stimula- 
tion. It was also concluded that in- 
creased acceleration reduces the accuracy 
of speed estimation and that decelera- 
is more effectively sensed than 
acceleration. 


tion 


2° of the visual field. In this article the 
fovea centralis is referred to as fovea. 
Interocular distance.—Interocular distance 
is the horizontal distance between the centers 
of the pupils of the two eyes when they are 
in the normal position for distance vision. 
Tris diaphragm.—The iris diaphragm is 
a mechanical device in a camera composed 
of thin metal leaves arranged and shaped 


from Visual Stimul 











Figure 2.—Peripheral view of visual field. 
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to provide a circular opening that can bk 
varied in size. 

Kinesthetic.—Kinesthetic pertains to th 
sense that yields knowledge of the movement) 
of the body or of its several members, 

Parafovea.—The parafovea is the area ( 
of the retina surrounding the fovea, approx) 
mately the central 4° of the visual fiel 
excluding the area of the fovea. 

Periphery.—Periphery refers to the ow 
ward bounds of something, such as visio1 
as distinguished from its center. 

Psychomotor.—Psychomotor refers to tb 
precise coordination of a sensory or ideation: 
process and a motor activity, such as aimin 
at a target. | 

Tactual—Tactual refers to the sense ( 


} 


touch. |i 


i 





Conclusions | 


From the experiments to determine ho 
the vehicle operator obtains speed informatio 
from visual stimuli in the field, the auth¢ 
made several conclusions: 

e Speed estimation is more accurate in tk 
periphery than in the fovea. 

e The effect of increased acceleration it 
creases all absolute and relative error thu 
reducing the sensitivity of the visual modi 

e Absolute error is directly proportional t 
speed and relative error is inversely propo) 
tional to speed for the central stimulatio. 
only when the influence of acceleration i} 


minimized. 
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je nder the condition of the experiment, 
beeleration is more effectively sensed than 
hecleration. 

e Processes underlying speed estimation 
e far from perfectly understood and the 
hthor believes a program of research in this 
ea would be fruitful. The dimensions that 
ed to be studied are: exposure time; 
laveled field structure’ classified as to width 
road or proximity to roadside objects, road 
Jarkings, and type of pavement; area of 
‘tinal stimulation; and speed. 


Background 


| Despite the significance of the operator’s 
bility to estimate speed and the processes 
oderlying it, studies in this area are limited. 
‘bh laboratory experiments, Poulton (1)! has 
jeated tracking as an analog to the driving 
isk and has differentiated between course 
anticipation and speed anticipation. Speed 
ticipation refers to vehicle control based on 
‘he perception of stimulus movement; course 
hticipation refers to vehicle control based 
the perception of course stimulus. Gen- 
ally laboratory studies use small moving 
rgets usually within the limits of the para- 
vea. But Gordon in his study has shown 
iat the angular speed is minimal in the fovea 
mtralis and maximum in the periphery for 
iree dimensional movement (2). 
Field studies of absolute speed estimation 
ave been sparse; most have dealt with speed 
_ tainment. In studying speed attainment, 
vhr and Lauer (3) recorded underestimation 
‘| low speeds and overestimation at high- 
eeds. Barch (4), studying speed adapta- 
on, determined that adaptation did not 
secur for exposure times of up to 8 minutes 
d that underestimates were made _ for 
eceleration. Hakkinen (6) compared esti- 
_ ates made by subjects viewing films of the 
tiving situation and estimates made by 
Jassengers in an actual traffic situation. 
hough the split-half reliability for each 
" schnique is high, the correlation between 
»chniques was not significantly different 
‘om zero. 
a Basis for Study 
In the actual driving situation the rapidity 
f obtaining a speed estimate is critical. The 
. ehicle operator can make a speed estimate 
. arough a foveal or a peripheral view, as 
own in figures 1 and 2, respectively. But, 
_ ie value of the estimate decreases as the time 
oquired to make it increases, if the two 
stimates are of a given accuracy and relia- 
ility. One purpose of the research discussed 
re was to test the hypothesis that speed 
_ stimates are more accurate based on periph- 
d ral stimulation than foveal stimulation 
nder the condition of equal exposure time. 
‘he theoretical discussion of whether the 
peed of moving objects is perceived directly 
r by relating perceived spatial displacement 
9 perceived duration was considered. The 
nswer depends partially on the locus of retinal 
timulation used in obtaining speed informa- 
ion. In the peripheral view angular speed 
ems relatively fast and movement is obvious 
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Numbers in parentheses indicate references, which are 
sted on p. 131. 
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Figure 3.—Test subject and test apparatus. 


so that recognition of movement of the vehicle 
through the environment is apprehended 
directly. In the foveal view movement seems 
slower so that speed may have to be computed 
by estimating the distance traversed and the 
time elasped; this computation procedure is 
time consuming. 

Two hypotheses were tested in the experi- 
ment reported here: (1) estimates of speed 
based on peripheral stimulation are higher 
than estimates of speed based on foveal 
stimulation; (2) estimates of speed based on 
peripheral stimulation are more accurate than 
estimates of speed based on foveal stimulation. 


Test Apparatus 


Experimental apparatus for the speed esti- 
mation study was basically two camera iris 
diaphragms mounted ona base. The purpose 
of the apparatus was to control the relevant 
segment of the visual field and time for obser- 
vation. The distance between iris centers, 
corresponding to the interocular distance, was 
adjusted to accommodate individual sight 
variation. With the eyes of the test subject 
2 inches from the iris, the foveal opening could 
be adjusted in a range from 1° to 30°. The 
peripheral field was controlled by two slats 
placed in a groove that ran parallel to the 
optical axis at a distance of 5 inches on either 
side of the subject’s eye. The rear slat was 
positioned so that it subtended an angle of 
90° at the subject’s eye. The forward slat 
was adjustable so that the amount of the 
peripheral field available for observation could 
be varied. The testing apparatus, shown in 
figures 3 and 4, was constructed with the 
cooperation of the Engineering Systems Divi- 
sion of the Bureau of Public Roads. 

The duration of visibility of the field was 
controlled by three, 44-inch diameter shutters. 


The two shutters were placed on either side 
of the slats and the third in front of the two 
irises. An electronic timer controlled the 
voltage to the solenoids that operated the 
opening and closing of the shutters. The 
electronic timer ranged from one-fourth to 64 
seconds in the geometric series of nine steps. 
The subject’s head was placed in position by a 
chin rest attached to the diaphragm base. 
The base was held in approximate position 
by a boom held in tension between the floor 
and the roof of the car and was leveled by two 
turnbuckles attached to the base from the 
vehicle visor rods. 


Test Subjects 


Four subjects were chosen at random from 
a list of volunteers. The three females and 
one male in the sample ranged in age from 
18 to 87; the mean age was 25 years. Un- 
corrected vision was tested by a technician on 
the Bausch and Lomb Ortho-rater; foveal 
visual acuity was 20/29 or better and the 
peripheral field was 80° or more on both sides. 
None of the test subjects wore glasses and all 
had from 2 to 20 years of driving experience, 
or a mean of 8% years. 


Test Site 


The test site was a 5-mile stretch of un- 
opened Interstate 64 a few miles east of 
Richmond, Va. Although this concrete high- 
way is a 4-lane divided freeway, only the two 
westbound lanes, each 12 feet wide, were used 
in the test. Lane and edge striping had not 
been painted yet so the highway was classified 
as a semistructured environment. Maximum 
slope and horizontal curvature were 3 percent 
and 2° respectively. The longitudinal central 
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joint and the transverse construction joints 
which were spaced 61.5 feet apart, were 
filled with approximately 1 inch of conven- 
tional black asphalt joint-filler. The right 
shoulder width was constructed of 10 feet of 
asphalt paving and 10 feet of earth fill. During 
the experiment, the vehicle was centered in the 
right lane. Estimates were never made when 
nontest vehicles were in the testing area. 


Experimental Design 


The research was carried out as a two- 
factor design, as shown in figure 5. Factor 
2, mode of observation or manner of visual 


Instructions 


Test subjects were given the following in- 
structions: The purpose of this experiment is 
to find out how people estimate speed. Your 
job in the experiment will be to give verbal 
estimates of the speed that you think the car 
is traveling. Give your estimates to the near- 
est 5 m.p.h., for example, 25, 30, 35 m.p.h., 
and so on. Your view of the road will be 
blocked by the apparatus for most of the time 
that you are in the experiment. Every 45 
seconds either the front or side shutters will 


CENTRAL 
FIELD 


———------ 
LOWER FIXED 
UPPER MOVABLE 








Figure 4.—The foveal and peripheral visual field as seen through the test apparatus. 


stimulation, was tested for 25° centrally and 
25° peripherally. Factor 2, vehicle speed, 
was tested for 20-, 40-, and 60-m.p.h. speeds. 
This basic design was used at 1 m.p.h./sec. 
acceleration and was repeated at 5 m.p.h./sec. 
acceleration because it was assumed that 
acceleration would affect the estimates. Four 
subjects made speed estimates for the 6 
experimental conditions, 5 times each, for 
a total of 120 estimates at each rate of 
acceleration. 

Two sets of experiments were made. In 
the first set of experiments a 1 m.p.h./sec. 
acceleration-deceleration was used to attain 
the desired actual speed; in the second a 5 
m.p.h./see. acceleration-deceleration was used. 
Visual exposure time for both experiments 
was a constant 1 second and a masking noise 
was piped into the subjects’ ears by a headset 
to eliminate auditory cues. Windows were 
closed to eliminate wind cues. In set 1, the 
time between visual exposure to the field was 
held constant to eliminate the influence of 
time on estimates. In set 2, visual exposure 
was made when the actual test speed had 
been reached. Subjects were instructed to 
count aloud between visual exposures as a 
distraction from nonvisual cues of speed. 
The order of the experimental conditions was 
semirandom. 
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Figure 5.—Experimental design showing the 
factors of analyses of variance. 


open for a short time. You will not know 
ahead of time whether your view will be 
forward or to the side so be ready to observe 
in either direction. The best way to accom- 
plish this is to stare straight ahead in what we 
call the stare mode. Try it. Staring straight 
ahead you should also be able to see the sides 
without moving your eyes, as you did in the 
eye test. A tap on the shoulder from me will 
indicate that either the front or side shutters 
will open for a short time and that you should 
























































PT ah) Mer dt, NR a voy he ae 
be ready to observe. As soon as the shut 
close(s) give your estimate of the speed t 
you think the car was traveling while 
shutter(s) was open. Give your estimate 
the speed as soon as the shutter(s) cle 
Speed estimates that are delayed cannot 
used. If you are not sure of the speed, gu 
Do not hesitate. The sequence of events 
be: dark phase for 45 seconds; tap on shoul 
be ready to observe; opening of side or fi 
shutter, observe; closing of shutters, re] 
estimated speed to the nearest 5 m 
repetition. 


Analyses of Variance 


Two analyses of variance were made: 
for each of the two levels of acceleration. 
analyses showed that vehicle speed was 
tremely significant regardless of the mode 
observation or level of acceleration. ° 
mode of observation at the 1 m.p.h./see. 
celeration was significant beyond 0.00 
results such as those obtained would occur 
chance less than one in a thousand—but, 
mode of observation at 5 m.p.h./sec. accel 
tion was not so significant statistically a 
was less than 0.05. Such statistical res 
show that an interaction was present betw 
acceleration and mode of observation; 
interaction is discussed in a subsequent pz 
graph. However, the lack of interaction 
tween speed and mode of observation at 
1 m.p.h./see. level of acceleration strength 
the belief that the effectiveness of the ]} 
ceptual technique is independent of sp 
when acceleration effects are minimized. 

The relation of estimated speed to aet 
speed for an acceleration of 1 m.p.h./see 
shown in figure 6. The parameter is 
mode of observation. The broken 
indicates the ideal speed. Estimates m 
by the subjects from peripheral stimulat 
were statistically significantly faster than. 
estimates they made from foveal stimulat 
Thus, hypothesis 1 was confirmed; the for 
estimates were underestimates at all tl 
speeds. The subject estimated that he ~ 
moving slower than he actually was. ‘ 
peripheral speed estimates were slightly 
than the actual speed at the 20 and 60 m. 
speeds and slightly more at 40 m.p.h. Tl 
hypothesis 2, that peripheral stimulatior 
more conducive to accurate estimates t 
central stimulation was confirmed. At 
5 m.p-h./see. acceleration test, subjects shil 
their estimates to slower speeds for b 
peripheral and foveal modes of observat 
as shown in figure 7. The peripheral estimé 
were faster than the foveal estimates at 
speeds, but the difference between the ~ 
was smaller and not statistically significe 

At the 1 m.p.h./see. acceleration 
complete lack of overlap of both the absol 
and the relative errors for the foveal : 
peripheral stimulation shows the gain 
accuracy of speed estimates under 
condition of peripheral stimulation. Furtt 
more, absolute error directly proportice 
to the speed, and relative error invers 
proportional to the speed holds true o 
for foveal stimulation. For peripheral sti 
lation no obvious trend in relation of er 
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10 speed was noted, and the relative error is 
dest described by a straight line parallel 
30 the ordinate. The general effect of 
eceleration was an increase in both the 
. vbsolute and relative errors at each speed 
(Wor both modes of stimulation. The inter- 
“ction between acceleration and mode of 






















Ik a” peripheral and foveal curves look 





Some difference between pe- 
- ipheral Baa foveal stimulation was main- 
eed, but for the most part the acceleration 
ue tended to overpower the visual sensi- 
{le Givity. The net effect was to increase the 
i) Absolute error making it seem that under the 
ii) tonditions of this experiment, deceleration 
(w Was more effectively sensed than acceleration. 
. | The possible cues to speed are manifold. 
ni T e movement of the visual field on the 
tes i retina, auditory cues of engine and road noise, 
\i <inesthetic and tactual cues of acceleration, 
is ai vind speed, and gas pedal displacement can all 
Be a part when vehicle speed is being esti- 
wi) mated. An overall impression incorporating 
dit stimulation from the different sources and 
sii Senses may provide the basis for the best 
i 2stimation of speed. For the purpose of 
jit the study reported here, however, it was 
assumed that the visual sense was the primary 
"souree of speed information and agian move- 
























7 t Was also assumed that most imipieation 
fut Qeeessary to the driving task is obtained 
Visually and, because switching from one 
ense to another is detrimental to performance 
ae der time limitations, it also seemed advan- 
tf tageous to obtain velocity information vis- 
ually. The discovery of the order and 
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tion; Figure 6.—Estimated speed as a function of actual speed, 
I m.p.h./sec. acceleration. 


TE eas Oe 


relative weighting of the cues that enter into 
speed judgments were considered scientifi- 
cally interesting. 

A cursory examination of the relation of the 
visual field to its external counterpart shows 
that, for any particular objective speed, the 
visual field has diverse values of motion de- 
pending on the mode of observation. Motion 
is least in the fovea along the direction of 
motion. The question arises as to where in 
the field the observer should concentrate to 
obtain speed information. The experiment 
reported here proves that a more accurate 
assessment of speed information is obtained 
from peripheral visual stimulation than from 
foveal visual stimulation. The immediate 
explanation for this result seems to be that 
angular speed is much faster in the periphery 
than in the fovea. For example, at a vehicle 
speed of 60 m.p.h. and 25° of available visual 
stimulation, the corresponding maximum 
angular speed is 1,080° per second peripherally 
and 81° per second foveally. For the 
1-second time constant used, which is generous, 
the observer was able to respond better to 
peripheral stimulation. Angular speed in 
both the foveal and peripheral field is directly 
proportional to vehicle speed but as the 
angular speed was faster in the peripheral 
visual field by more than one order of magni- 
tude, this speed could be scaled more easily. 
A more stringent test of the relation of the 
visual field to its external counterpart would 
be to reduce available observation time toward 
zero. Such an experiment is planned in which 
updated equipment will be used. 

For the foveal mode of observation at the 
1 m.p.h./sec. acceleration, the absolute error 
was directly proportional to vehicle speed 
and the relative error was inversely propor- 
tional to vehicle speed. Both errors were 
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Figure 7.—Estimated speed as a function of actual speed, 


5 m.p.h./sec. acceleration. 


practically parallel to the ordinate when the 
stimulation was peripheral. As Hakkinen 
(6) reported a high degree of reliability within 
the methods of observation when the observer 
was in motion and the camera in the position 
of the observer and a zero correlation between 
modes of observation, the author has assumed 
that the process underlying the estimates 
was altered by substitution of foveal for 
peripheral stimulation. The author also 
believes that an experienced driver can use 
this experience in judging speed when he is 
restricted to foveal mode of observation but 
that this ability to compensate probably 
would be eliminated as observation time is 
reduced toward zero. 
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Travel by Motor Vehicles in 1963, 1964, and 1965 


BY THE OFFICE OF PLANNING By ALEXANDER FRENCH, Chief Planning Services Branc 


BUREAU OF PUBLIC ROADS 


Introduction 


iL] Raeneae, travel during 1965 in the 
United States has been estimated at 
887.6 billion vehicle-miles, an increase of 4.9 
percent from 1964. Based on preliminary 
data, 1966 motor-vehicle travel has been 
estimated at 932 billion vehicle-miles, a 
5-percent increase from 1965. These Public 
Roads estimates are based on information 
supplied by State highway departments and 
toll authorities. Recently, a more accurate 
interpretation of these data has become 
possible by use of information collected in 
1963 by the Bureau of the Census, and by 
the State highway departments in cooperation 


with Public Roads. Accordingly, motor- 
vehicle travel for 1963 and 1964 has been 


reestimated as described in the article. 


Definitions 


Vehicle-miles.—V ehicle-miles refers to the amount of travel 
by one motor-vehicle traveling 1 mile and includes travel 
on all highways and streets in the United States. 

Registered weight growps.—Registered weight groups are 
the weights used as a basis for vehicle licensing, separated 
into intervals according to State registration weight practices. 

Trailer combinations.—A trailer combination is a truck 
or truck tractor pulling one or more trailers and/or a 
semitrailer. 

Motor-fuel consumption.—Motor-fuel consumption is the 
total consumption of motor fuel by highway vehicles for the 
year, obtained from State records. 

Motor-fuel consumption rate.—Motor-fuel consumption 
rate is the average rate of motor fuel usage in miles per gallon 
(m.p.g.). 


1965 Travel 


The travel by road system and vehicle 
type changed little from 1964 to 1965, as 
shown in table 1. In 1965, travel on main 
rural roads was 37.8 percent of the total 
vehicle-miles of travel; main rural roads are 
14 percent of the Nation’s 3.7 million miles 
of roads and streets. The 1965 travel on 
urban streets was 47.8 percent of the total 
travel, urban streets are 14 percent of the 
total mileage of roads and streets. But only 
14.4 percent of the travel in 1965 was on 
local rural roads although these roads are 72 
percent of the total mileage of roads and streets. 

Passenger cars in 1965 were 84 percent of 
the vehicles registered and accounted for 80 
percent of the travel. Single-unit trucks 
accounted for 15 percent of the vehicles 
registered and 16 percent of the travel; 
trailer combinations accounted for less than 
1 percent of the vehicles registered but 4 
percent of the travel. Buses accounted for 
jess than 1 percent of the vehicles registered 
and the total travel. 


132 


Highway Engineer, Current Planning Divisic 


Motor-vehicle performance 
Average vehicle performance estimates for 
1965 were only slightly different than the 


corresponding estimates for 1964. The 
average motor-vehicle travel in 1965 was 
9,674 miles, almost half of it in cities; and 
average motor-fuel consumption was 775 
gallons at a rate of 12.48 m.p.g. In 1964, 


the estimated average motor-vehicle travel 
was 9,698 miles; and average motor-fuel 
consumption was 778 gallons at the rate of 
12.47 m.p.g. Averages for passenger cars in 
1965 and 1964 were, respectively: 9,255 and 
9,286 miles of travel and 649 and 652 gallons 
of motor-fuel consumed at a rate of 14.27 
and 14.25 m.p.g. 


Basis for Estimates 


For the first time, it has been possible to 
provide separate estimates for single-unit 
trucks and trailer combinations. The yearly 
travel average for trailer combinations, 41,292 
miles, is four times the average travel of 
single-unit trucks. These separate estimates 
were developed from information obtained 
in cooperation with the State highway de- 
partments from the 1963 special trucking 
characteristics study (7)! and from data in the 
1963 Census of Transportation. Both the 
special study and the Census (1, 2) were 
discussed at the 44th annual meeting of the 
Highway Research Board. 


Adjustment of 1963 Travel Estimates 


Based on Census data (3), adjusted to 
reflect travel of government-owned vehicles, 
the vehicle-miles of 1963 truck travel have 
been reestimated at 9.65 percent more than 
previously published by Public Roads in 
table VM-1. In the reestimate, a computer 
data file, based on responses for 100,845 
individual trucks, was obtained from the 
Bureau of the Census. Information in the 
file had been obtained from questionnaires 
mailed to a probability sample selected from 
motor-vehicle registration files in each State. 
The sample was stratified for each State by 
registered weight groups. Census information 
identifying the type of vehicle was translated 
to correspond to descriptions used for truck 
weight trends, which are based on axle ar- 
rangements of single-unit trucks and each type 
of trailer combination. As expected from 
such a complex questionnaire, apparently 
inconsistent information was recorded by 
some respondents. More than 96 percent of 
the original records were successfully edited 
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and recoded. A comparison then could | 
made of the two sets of data. The avera’ 
vehicle-miles traveled each year was comput) 
for each vehicle type and weight group bas. 
only on the questionnaire containing a 1 
sponse to the question on annual travel. Tl). 
average was expanded to the correspondii| 
number of trucks of each vehicle type a 
registered weight group in each State in 196 


Government-owned vehicles 


The adjustment of Census data for gover 
ment-owned vehicles was necessary so th 
travel by all vehicles would be reflected as 
is in the trend data prepared by Pub} 
Roads. Trend data are based primarily ‘ 
continuous traffic counts at 2,500 permane) 
locations and periodic machine and manu 
traffic counts made by State highway c¢ 
partments. Most counts are made at t: 
roadside, usually on a 6- to 48-hour sampli 
basis, and all passing vehicles are counte. 
In the adjustment, single-unit trucks ai 
trailer combinations owned by all levels 
government were estimated to have account, 
for, respectively, 5.6 percent of the tot 
travel by single-unit trucks and 0.5 percent | 
travel by trailer combinations. 

From evaluation of the new informati 
(2, 5), it was concluded that the estimate 
vehicle-miles of travel for single-unit true 
reported during the past few years was lo 
Evidently, estimates based on roadside coun 
did not fully reflect the substantial increa. 
in the number of pickup trucks with camp! 
bodies used for recreation. At the same tir 
underestimates of urban travel were ma 
because full consideration was not given 
the increase in urban travel caused by t 
introduction of small vans, the increased u 
of walk-in delivery trucks, and the mec 
extensive use of single-unit trucks in expan 
ing metropolitan areas. Therefore, the 19 
vehicle-miles of travel for single-unit true 
and trailer combinations reported in tl 
article are new estimates based on the 19 
Census data (2, 3), adjusted to include es 
mated travel by government-owned true 
and trailer combinations. 

The new estimate for vehicle-miles of tray 
by single-unit trucks in 1963 was 13.35 pt 
cent more than had been estimated fre 
Public Roads trend figures; but for trail 
combinations the new estimate was 3.62 pé 
cent less than vehicle-miles previously es 
mated by Public Roads. When the go 


\ 
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1 References indicated by italic numbers in parentheses ¢ 
listed at the end of this article. 
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year 1965 and revised 


— | ' 


ble 1.—Estimated motor-yehicle travel in the United States and related data for calendar 


data for 1963 and 1964 ! 
























































































































































































































































ie Motor-vehicle travel Motor-fuel Aver- 
le a esr Aver- | consumption age 
a Fj ero age travel 
Esa Vehicle type 2 ve- travel per 
Hy Main | Local | Total hicles per Aver- | gallon 
1 rural rural rural | Urban | Total | regis- | vehicle} Total age of fuel 
vet! roads | roads tered per con- 
AL vehicle | sumed 
| 
1965 
Million| Million| Million| Million| Million) Thou- Million Miles/ 
vehicle- | vehicle- | vehicle- | vehicle- | vehicle-| sands | Miles | gallons | Gallons| gallon 
miles miles miles miles miles 
ald | aoe Dg) eae SS as eee 254, 975 | 97,662 |352, 637 |356, 663 |709, 300 | 76,643 | 9,255 | 49, 723 649 | 14.27 
i i| Buses: ; 
aN | Prerpercial. > ne. 922 184 | 1,106} 1,815] 2,921 85.0 | 34, 365 628 | 7,388 | 4.65 
my Schoo] and nonrevenue______- 687 758 1, 445 318 1, 763 229.3 7, 689 247 Oa 7.14 
; { BREMBUPES +. fsa 2202 SL- 1, 609 942 | 2,551 | 2,183} 4,684 | 314.3 | 14,903 875 | 2,784} 56.35 
Ne + 
4 | All passenger vehicles___-____-- 256, 584 | 98, 604 [355,188 |358, 796 |713, 984 | 76, 957 9,278 | 50, 598 657 | 14.11 
4 ; Cargo vehicles: 
| Single-unit trucks___________- 56, 832 | 28,378 | 85,210 | 55,949 /141,159 | 14,008 | 10,077 | 13,848 989 | 10.19 
Out Trailer combinations_________ 21, 994 1,395 | 23,389 | 9,108 | 32, 497 787 | 41, 292 6,658 | 8,460 | 4.88 
noo 78, 826 | 29, 773 |108, 599 | 65,057 |173, 656 | 14, 795 | 11, 737 1, 386 8 
i) \) ALL MOTOR VEHICLES_------_-- 1335, 410 |128,377 |463, 787 |423, 853 |887, 640 | 91, 752 9, 674 | 71,104 775 | 12,48 
1964 Revised 
ys a 
3s) ead i ests eee 243, 429 | 93, 539 |336, 968 |340, 645 |677, 613 | 72, 969 9,286 | 47, 567 652 | 14.25 
uses: - 
ed Mommmiercial. 29. = 2.2 908 181 1, 089 1, 803 2, 892 82.3 | 35,140 622 7, 558 4.65 
hy Schoo] and nonrevenue_______ 674 743 | 1,417 307 | 1,724 | 223.1 1,127 242°| 1,085.) 7.12 
vy JE ee ea 1, 582 924 2, 506 2,110 4, 616 305.4 | 15,115 864 2, 829 5. 34 
l é 
ny All passenger vehicles__________ 245,011 | 94,463 |339, 474 |342, 755 |682,229 | 73,274 9,311 | 48, 431 661 | 14.09 
hae 
| Cargo vehicles: 
Tal Single-unit trucks____.______- 52, 929 | 27,112 | 80,041 | 53,670 |133, 711 | 13,275 | 10,072 | 13,199 994 | 10.13 
ray) Trailer combinations_________ 20, 592 1, 307 | 21, 899 8, 661 | 30, 560 738 | 41,409 6, 271 8, 497 4, 87 
’ ; Beater Ste 5 73, 521 | 28,419 |101, 940 | 62,331 |164,271 | 14,013 | 11, 723 | 19,470 1, 389 8. 43 
ay 
a , \) ALL MOTOR VEHICLES_-________- 318, 582 |122, 882 |441, 414 |405, 086 |846, 500 9,698 | 67, 901 
7 1963 Revised 
i. neon Cars we ete Oe 231, 298 | 89, 080 |320, 378 |824, 993 |645,371 | 69,842 | 9,240 | 45, 246 648 | 14.26 
a uses: 
oe Commercial .._.._._...__-__- 877 170 | 1,047] 1,794 | 2,841] 82.2 | 34, 562 606 | 7,372 | 4.69 
e School and nonrevenue_______ 642 708 | 1,350 292 | 1,642] 215.7 | 7,612 232 | 1,076) 7.08 
a US Si oe SS 1,519 878 2,397 2, 086 4, 483 297.9 | 15, 049 838 2, 813 5. 35 
i All passenger vehicles. ________- 232, 817 | 89,958 |322,775 |327,079 |649, 854 | 70,140 | 9,265 | 46, 084 657 | 14.10 
a Cargo vehicles: 
Single-unit trucks ee eee pe 50, 043 | 25, 981 | 76,024 | 49, 729 |125, 753 | 12, 654 9,938 | 12, 348 976 | 10.18 
malt Trailer combinations_________ 19, 900 1, 302 | 21, 202 8,614 | 29, 816 706 | 42, 232 6,084 | 8,618 | 4.90 
i: MOA 8 ae ee eae aie 69, 943 | 27,283 | 97,226 | 58,343 |155, 569 | 13,360 | 11,644 | 18,432 | 1,380 | 8.44 
4 | ALL MOTOR VEHICLES._.______- 302, 760 |117, 241 |420, 001 |385, 422 |805, 423 | 83,500 | 9,646 | 64, 516 773 | 12.48 
COE 
nc 1 For the 50 States and District of Columbia, 1963 data have 2Includes taxicabs and motorcycles: 786,318 in 1963, 
















on een adjusted, based in part on the 1963 Census of Transpor- 
4 ition Truck Inventory and Use Survey, to provide data 
nee y - )parately for single-unit trucks and trailer combinations. 


eo 
i. 

ini sreement in the two sets of data for travel 
«| y trailer combinations was noted, an investi- 


,) ation was made for each State of the dif- 
ay rences by individual types of combinations. 
| his was possible because most operators of 
y jailer combinations keep fairly complete 
; peords. It was hypothesized that an under- 
| Stimate of travel was more apt to be made 
 ~r vehicles used infrequently, but, this was 
i Ot confirmed by a check of other data (6). 
_Ithough proportionally more responses were 


i] 
je fade by operators of the larger vehicles, 


5h hen responses were made by operators of 
;/ maller vehicles reliable information was 
_ ven on annual mileage 
oh) & 
y 7 
yh Motor-Fuel Consumption 
a 
7 


Truck motor-fuel consumption estimates 
or 1963 reported here were based on detailed 
Meulations of motor-fuel consumption rates 
r gasoline and diesel powered trucks clas- 


984,763 in 1964, and 1,381,956 in 1965, estimated to account for 
less than 1 percent of all travel: 1963, 0.5 percent; 1964, 0.6 
percent; 1965, 0.7 percent, respectively. 


sified by average operating gross weights for 
10 types of trucks. These data were com- 
bined (table 1) for estimates of motor-fuel 
consumption for single-unit trucks and trailer 
combinations. These calculations were based 
on the 1963 truck weight study reports—an 
annual State report submitted to Public 
Roads—and separate estimates of the average 
registered gross weight of gasoline and diesel 
powered trucks for each type (2). Operating 
gross weights for gasoline and diesel powered 
trucks were computed by adjusting the 
average operating gross weight by the ratio 
between average registered gross weights of 
diesel to gasoline powered trucks. In the 
Supplementary Report of the Highway Cost 
Allocation Study (4), figure 12 relates average 
operating gross weights and type of motor- 
fuel. The vehicle-miles of travel by truck 
type were divided by the miles-per-gallon 
usage rate to obtain the gallons of motor fuel 
used by all trucks in 1963. 


Passenger car fuel consumption 

An adjustment also was made in the 1963 
estimate for passenger car motor-fuel con- 
sumption. The previously published rate 
of 14.37 m.p.g. has been revised to 14.26 
m.p.g. The revised estimate was based on 
independent analysis of available data and 
the previously used trend data was not con- 


sidered. In the reevaluation, annual auto- 
mobile sales since 1957 were analyzed to 
identify significant shifts in the proportion 


of small, medium, and large cars. Also con- 
sidered was the proportion of cars equipped 
with automatic transmissions, optional higher 
powered engines, and power accessories, which 
affect motor-fuel consumption rates. Data 
for these rates were taken from an article by 
Nathan Lieder (5) and industry reports. The 
estimates of motor-fuel consumption by ve- 
hicle type were compared and adjusted so the 
total equaled the total highway use of motor 
fuel. The 1964 and 1965 motor-fuel consump- 
tion for passenger cars was calculated by a 
similar procedure in which the new 1963 esti- 
mate of travel data was used as the base. 


Motor-vehicle fuel consumption, 1964 and 
1965 

Calculations of 1964 and 1965 estimates of 
motor-fuel consumption were based on data 
for travel by vehicle type, truck sales by fuel 
and truck type, and registrations by vehicle 
type. A sharp increase in the use of heavy 
(5 or more axles) trailer combinations was 
noted. The increased average operating gross 
weights for these heavier combinations ordi- 
narily would reduce the miles per gallon rate; 
however, the 1964-65 increase in sales of more 
efficient diesel powered truck tractors tended 
to offset this expected reduction for trailer 
combinations. In contrast, the 1964 single- 
unit truck motor-fuel consumption rate in- 
creased from 10.13 m.p.g. in 1963 to 10.19. 

In 1965, travel and sales of 4-tired trucks 
exceeded that for 1964. According to the 
1965 truck weight study reports their travel 
was up 8 percent while sales increased more 
than 15 percent, according to industry data. 
The 1965 increase in miles per gallon by single- 
unit trucks has been attributed primarily to 
the inerease in vehicle-miles of travel by 
single-unit, 4-tired trucks. The miles per 
gallon for other single-unit trucks was much 
lower. The changes discussed and other 
changes in truck usage were studied to refine 
the 1964 and 1965 estimates of motor-vehicle 
fuel consumption for trucks and trailer com- 
binations (table 1). 
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